ABSTRACT
INTRODUCTION
Age-related macular degeneration (AMD) is the leading cause of severe vision loss in the elderly.
The pathogenesis of AMD is complex, with inflammation, oxidative stress and phototoxicity all playing etiologic roles (1, 2) . Susceptibility factors include advancing age, cigarette smoking and family history. Several years ago, the gene for complement factor H (CFH), was shown to be a strong susceptibility locus for AMD (3) (4) (5) (6) . More recently, the genes for other CRP's were shown to be associated with AMD including complement factor H-related 1 and 3 (CFHR1 and CFHR3) (7, 8) , complement factor B (CFB), complement factor 2 (C2) (9) , and complement factor 3 (C3) (10) (11) (12) .
In AMD, complement system dysregulation due to CRP dysfunction results in chronic inflammation of the retinal pigment epithelium (RPE) (13) . This cell monolayer is critical for sustained viability of the adjacent photoreceptors. A pathological hallmark of AMD is the formation of extracellular deposits called drusen within Bruch's membrane, beneath the RPE (14).
Another etiologic feature of AMD is oxidative damage (15) . Malondialdehyde (MDA) and 4-hydroxynonenal (HNE), generated from oxidation of polyunsaturated fatty acids, are two abundant products of lipid peroxidation. HNE-derived protein modifications in retinal tissue occur as the result of light damage and age (16) . In addition, peroxidized lipids have been shown to accumulate with age in Bruch's membrane (17) . Moreover, protein modifications by the lipid-peroxidation product, carboxyethylpyrrole (CEP) were detected in drusen isolated from AMD eyes (18) .
Recessive Stargardt macular degeneration is a central blinding disease similar to AMD, with an age of onset during the first or second decade of life. In contrast to AMD, Stargardt exhibits simple Mendelian transmission and is caused by mutations in the ABCA4 gene (19) (20) (21) . Pathologically, Stargardt is characterized by deposition of autofluorescent lipofuscin pigments in RPE cells (22) . Lipofuscin deposits precede macular degeneration and visual loss in Stargardt patients (23) . The ABCA4 gene encodes an ATPbinding cassette transporter located in the rims of rod and cone outer-segment (OS) discs (24) ABCA4 functions as a flippase for N-retinylidenephosphatidylethanolamine (N-ret-PE), the Schiffbase condensation product of all-transretinaldehyde (all-trans-RAL) and phosphatidylethanolamine, across disc membranes (25) . Similar to Stargardt patients, mice with a knockout mutation in the abca4 gene deposit fluorescent lipofuscin granules in the RPE (26) . The major fluorophore of lipofuscin is the bisretinoid pyridinium salt A2E, which exhibits several modes of cytotoxicity in RPE cells (27) . Blue-light irradiation of A2E-containing RPE cells induces formation of A2E-oxiranes (epoxides) and other oxidation products (28) (29) (30) . We previously showed in the abca4 -/-mouse that exposure to high-intensity cyclic light results in formation of A2E-oxidation products (31) . Moreover, increased light exposure leads to age-dependent retinal degeneration in albino abca4 -/-mice (32) . Accumulation of lipofuscin fluorophores in the RPE is critical to the etiology of Stargardt macular dystrophy (33) . However, lipofuscin accumulation is less commonly seen in AMD. A2E and related lipofuscin pigments have been shown to activate complement in cultured RPE cells following light exposure (34, 35) .
In the current study we explored the possibility that dysregulation of the complement system may play a role in the etiology of Stargardt disease. Using the albino abca4 -/-mouse as a model, we show that accumulation of lipofuscin fluorophores is associated with increased oxidative stress and complement activation in vivo.
These observations suggest that chronic inflammation of the RPE due to local activation of complement represents a common etiologic feature of AMD and Stargardt disease.
MATERIALS AND METHODS Mice
Wild-type (BALB/c) and abca4 -/-albino mice were raised under 12-hours cyclic light 
Preparation of Eyecups
Mice were dark-adapted overnight and all tissue manipulations were performed under dim red light (Kodak Wratten 1A filter). Following euthanasia, eyes were removed and hemisected. The anterior portion containing the cornea, lens, and vitreous was discarded. Eyecups, containing retina, RPE, choroid, and sclera were frozen in liquid N 2 and stored at -80 for further processing. For some analyses, retinas were removed and the homogenates were prepared from eyecups containing RPE/choroid/sclera only.
Analysis of Lipofuscin Fluorophores by Normal-phase Liquid Chromatography
Single eyecups or 400 L samples of crude rod outer segments (ROS) (see preparation below) were homogenized in 1.0 mL PBS. Four mL chloroform/methanol (2:1, v/v) were added, and the samples were extracted with addition of 4.0 mL chloroform and 3.0 mL dH 2 O followed by centrifugation at 1,000 x g for 10 min. The extraction was repeated with addition of 4.0 mL chloroform. The organic phases were pooled, dried under a stream of argon, and dissolved in 100 μL 2-propanol. Analysis of A2E and A2E-precursors was done by normal-phase on a silica column (Agilent -Zorbax-Sil 5 μm, 250 x 4.6 mm) in an Agilent model 1100 high performance liquid chromatograph equipped with a photodiode-array detector (Agilent Technologies, Wilmington, DE). The mobile phase was hexane: 2-propanol: ethanol: 25 mM potassium phosphate: glacial acetic acid (485:376:100:45:0.275 v/v), and was filtered before use. The flow rate was 1.0 mL per min. Column and solvent temperatures were maintained at 40 . Absorption units corresponding to the A2E peak at 435 nm were converted to pmoles using a calibration curve with an authentic A2E standard and the published molar extinction coefficient for A2E (36) . Band intensities were then quantified and normalized to mouse anti--tubulin antibody for SOD1, CAT1, CFH and C3/C3b or GAPDH antibody for CRRY, MCP-1 and CRP. Quantification was done in three independent experiments using four-six eyes for each time point for each group of mice and the average data were presented with standard deviation. Statistical analyses were done using the Student t-test.
Immunoblot Analysis

TBARS Assay for MDA Quantification
Mouse eyecups were homogenized in 1.0 mL PBS buffer. A 100 L aliquot of the homogenate was removed for protein BCA assay (Micro BCA™ Protein Assay Kit, Pierce by Thermo Fisher Scientific). The tissue homogenates (800 L) were mixed with 26 L of 4.4 mM butylated hydroxytoluene (BHT) and 13.6 L of 10 M NaOH. The reaction mix was incubated under continuous shaking at 60 for 30 min. The samples were allowed to cool down at room temperature (RT) and reacted with 227L of a mixture of 38% trichloroacetic acid (TCA) and 2% KI followed by mixing and incubation on ice for 10 min. After centrifugation at 7,000 x g at 4 for 10 min, 500 L of the supernatant was removed and transferred to a new tube containing an equal volume of 0.66% 2-thiobarbituric acid. After incubation at 95 for 30 min, each sample was cooled to RT. The amount of MDA was determined on a Shimadzu UV160U spectrophotometer (Shimadzu Scientific Instruments) at 534 nm ( MDA = 157,000 M -1 cm -1 ) using water as reference. The data represent the means with standard deviation and were reported as nmole per g total protein.
ELISA for HNE Quantification
Tissue preparation and protein quantification were done as described above. The homogenate samples were diluted to 10g/mL in PBS. 100 L aliquots of each sample (10 g/mL) or the reduced HNE-BSA standards (OxiSelect™ HNE-His Adduct ELISA Kit, Cell Biolabs Inc.) were added to a 96-well protein binding plate and incubated at 37 for four hours. All wells were washed twice with 250 L PBS dried down by gently tapping on a paper towel. Each well received 200 L of the Assay Diluent and the plate was incubated for two hours at RT on an orbital shaker. Wells were washed three times with 250L Wash Buffer followed by thorough aspiration. The samples were incubated with 100 L diluted anti-HNE-His antibody at RT for one hour on an orbital shaker. Wells were washed three times with 250L Wash Buffer followed by thorough aspiration. Diluted secondary antibody/HRP conjugate was added to each well followed by incubation and washing steps. After an additional two washes with the Wash Buffer, 100 L of the Substrate Solution was added to each emptied well and incubated on an orbital shaker for 5-20 min at RT. The enzyme reaction was quenched by addition of 100L of Stop Solution. Absorbance of each well was detected in a SPECTRA max 340PC microplate reader (Molecular Devices Corporation) using 450 nm as the primary wavelength and the reduced HNE-BSA standard as reference. The average data were presented asg per mL with standard deviation. For both TBARS and ELISA assays three independent experiments with three eyes were analyzed for each time (n = 9).
Electron Microscopy
Mice were euthanized under anesthesia and fixed by intra-cardiac perfusion with 2% formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.2. The nasal and temporal hemispheres of each eyecup were fixed additionally in 1% osmium tetroxide dissolved with 0.1 M sodium phosphate then dehydrated in a graded series of alcohols. The temporal hemispheres were embedded in an Epon/Araldite mixture (5 parts/3 parts) for light microscopy (data not shown). The nasal hemispheres were cut into quadrants and embedded in Araldite 502 (Ted Pella, Redding, CA) for electron microscopy. Ultrathin sections for electron microscopy were cut on a Leica Ultracut ultramicrotome. The sections were collected on 200-mesh copper grids and stained with uranium and lead salts before viewing on a Zeiss 910 electron microscope. Electron microscopic images were acquired from the inferior-nasal quadrant sections. Three images of RPE cells from each experimental group were photographed at the same magnification using a Keenview TM digital camera. From each image, three measurements of Bruch's membrane and RPE basal infoldings were taken. Each measurement was considered as n = 1 so a total of n = 9 were collected. AnalySIS software was used to measure Bruch's membrane thickness and basal infoldings. The results were presented as means with standard deviation. Statistical analysis was performed using the Student t-test.
Electron Microscopic Immunocytochemistry
Mice were euthanized under anesthesia and fixed by intra-cardiac perfusion with 4% formaldehyde and 0.2% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.2. The eyes were dissected into quadrants. The quadrants were dehydrated in a graded series of alcohols, infiltrated and embedded in LR White Resin medium grade (Electron Microscopy Sciences). Ultrathin sections (100nm) were cut on a Leica Ultracut microtome and collected on 200 mesh formvar carbon coated nickel grids. The sections were processed for EM immunocytochemistry using anti C3/C3b (Cell Science) as the primary antibody (1:50) and 12 nm colloidal gold affinity purified goat anti-rat IgG (Jackson ImmunoResearch) as a secondary antibody (1:20) . The sections are stained with uranium salts and viewed at 6,300X magnification on a Zeiss 910 transmission electron microscope. AnalySIS software was used to count the number of gold particles per area. The mean of the gold particles was calculated from 10 images of each group. Statistical analysis was performed using the Student t-test.
Immunofluorescence Analysis
Mice were euthanized under anesthesia, the eyes were removed, anterior segments were dissected away, and the eyecups were fixed overnight at 4 in 0.1% PBS and 4% paraformaldehyde. Eyecups were infiltrated with 10% sucrose in PBS for one hour, 20% sucrose in PBS for two hours then embedded in OCT compound (Sakura). Ten μm cryostat sections were cut and mounted on Superfrost Plus slides. The sections were warmed to room temperature and fixed briefly with 4% formaldehyde for five minutes and then washed with PBS three times. The sections were blocked with goat serum or donkey serum (0.5%, Sigma Chemical) and 1% BSA in PBS for 1 hour followed by incubation with primary antibodies, rat anti-C3a (1:50), rat anti-iC3b (1:50, Cell Science), or goat anti-C-Reactive Protein (1:50, Santa Cruz Biotechnology). The sections were rinsed three times and then incubated in goat antirat or Donkey anti-goat IgG secondary antibodies, conjugated with Rhodamine red (1:200, Invitrogen, Carlsbad, CA) for one hour followed by rinsing. The sections were mounted with 5% npropylgallate in 100% glycerol mounting medium. The images of the mouse retina sections were captured with a Zeiss LSM510 confocal microscope under a 63X oil objective using an excitation wavelength of 488nm and 543 nm with emission wavelengths of 505-530nm and 560-615 nm respectively. The immunostaining of CRRY was performed with the Vector M.O.M immunodection kit (Vector Laboratories, Inc.). A mouse monoclonal anti-CRRY (1:50, BD Bioscience) and the prolong Gold antifade regent with DAPI (Molecular Probes) were used and the images were captured with an Olympus FluoView FV1000 confocal laser scanning microscope under 60x oil objective with an excitation wavelength of 488 nm and emission wavelength of 560-615nm. The average fluorescein pixel intensity of each section was counted. 17 sections from the Balb/C and 16 sections of the abca4 -/-mice retina were compared. The results were presented as means with standard deviation. Statistical analysis was performed using the Student t-test.
Mouse ROS Preparation
BALB/c and abca4
-/-retinas of three to six-monthold mice were collected in 45% sucrose in HBBS solution (Gibco). Crude rod outer segments (OS) were obtained by gentle vortexing followed by sedimentation at 10,000 x g for 10 min at 4 . The pellet was discarded and the supernatant was diluted 1:4 (vol:vol) with HBBS solution. Crude ROS were pelleted down after spinning for 10,000 x g for 10 min at 4 . The ROS pellet was washed two times with HBBS solution and re-suspended in DMEM (Sigma) for fetal human RPE incubation.
Fetal Human RPE Cultured Cells
Human RPE cells on Y402 variant for CFH gene were collected from eyes of aborted fetuses of 18 weeks gestation. The dissociated RPE cells were re-suspended in Eagle's minimum essential medium without calcium (MEM, Joklik, Sigma Chemical) with the addition of 54 M of CaCl 2 , amino acid supplements and other additives as described previously (37 
RESULTS
Age-Dependent Accumulation of A2E and A2E-precursor (A500nm) in Albino abca4
-/-Eyes We quantified the lipofuscin-fluorophore (A2E and A500nm) levels by normal-phase chromatography. Eyecups from 1, 2, 3, 4, 6 and 11-month-old BALB/c (WT) and albino abca4 -/-(KO) mice were analyzed. We observed a significant age-dependent A2E and A500nm (A2E major precursor) increase in albino abca4 -/-eyes (Fig. 1) . Accumulation began as early as four postnatal weeks in the abca4 -/-mice and appeared to slow down after six months as shown in Fig. 1 . This is not surprising considering that early signs of photoreceptor degeneration are observed at seven months (data not shown) and about 40% of the cells are lost in 11-mo-old in albino abca4 -/-mice (32).
Elevated Oxidative Stress Gene Expression in abca4
-/-Mice The potentially increased oxidative environment in abca4 -/-RPE cells due to continuous formation and accumulation of A2E prompted us to analyze the expression profile of anti-oxidative genes in fourweek-old mice. By qRT-PCR, Superoxide Dismutase 1 (SOD1), Glutathione-S-TransferaseTau and -Miu (GSTT and GSTM), Heme Oxygenase-1 (HO1), and Catalase-1 (CAT1) mRNA levels in abca4 -/-mice were about 1.5-fold elevated when compared to age-matched wild-type samples ( Fig.  2A) . By quantitative immunoblotting the SOD1 and CAT1 protein levels were about nine-and 1.5-fold, respectively, higher in abca4 -/-homogenates compared to the wild-type (Fig. 2B: a-d) .
Increased MDA and HNE Levels in abca4 -/-
RPE Homogenate
Malondialdehyde (MDA) and 4-hydroxynonenal (HNE) are natural byproducts of lipid peroxidation. These oxidative stress markers were analyzed in eyecup homogenates from 1, 2 and 3-month-old abca4 -/-and wild-type mice. Both compounds were significantly higher in threemonth-old albino abca4 -/-compared to wild-type (BALB/c) and pigmented abca4 -/-mice ( Fig. 3 and data not shown).
Complement Activation in Albino abca4
-/-Eyes Previously, we showed that albino abca4 -/-mice have higher levels of A2E oxidation-products such as A2E-epoxides (31) . Since A2E and A2E-precursor are elevated (Fig. 1) and oxidative stress markers are increased ( Fig. 2 and Fig. 3) , we evaluated complement system reactivity in abca4 -/-eyes. C3/C3b components were 1.7-fold increased in three-months-old abca4 -/-versus wild-type eyes by quantitative immunoblotting (Fig. 4A: a-b) . Electron microscopic immunogold labeling showed two-fold increased C3b-immunogold deposition on the basal infoldings of RPE from abca4 -/-compared to wild-type mice (Fig. 4B) . To assay for complement activation, we employed immunocytochemistry using specific antibodies against iC3b and C3a fragments. As shown in Fig.  4C (Fig. 5) . In particular, we observed reductions of two-fold for daf1 and CD59a, three-fold for daf2 and CFH, five-fold for CD59b, and ~1.5-fold for crry mRNA's in abca4 -/-versus wild-type RPE (Fig.  5A) . By quantitative immunoblotting, the CFH and CRRY protein levels were decreased by 1.67-and two-fold, respectively, in abca4 -/-RPE homogenates compared to wild-type ( Fig. 5B: ad) . The immunoblotting results were consistent with reduced expression of CRRY by immunocytochemistry (Fig.  5C ). Altered expression of these protective CRP's may explain the excessive complement activation observed in abca4 -/-RPE cells (Fig. 4) .
Down-regulation of Monocyte Chemoattractant
Protein-1 in abca4 -/-Eyes Mice deficient in monocyte chemoattractant protein-1 (MCP-1 or ccl-2) and its cognate receptor (ccr-2) manifest AMD-like features including age-dependent lipofuscin accumulation, drusen formation, photoreceptor degeneration and choroidal neovascularization (CNV) (40) . Accumulation of lipofuscin fluorophores in RPE cells is seen in four-week old abca4 -/-mice. Clearance of this lipofuscin may depend on macrophage activity in the eye. We measured expression of MCP-1 in abca4 -/-RPE cells. Interestingly, the MCP-1 mRNA (Fig. 6A) and protein ( Fig. 6B: a-b ) levels were three-and two-fold lower, respectively, in four-week-old abca4 -/-versus wild-type eyes. These results provide further evidence for immune dysfunction in RPE cells following accumulation of lipofuscin.
Increased C-Reactive-Protein Immunoreactivity in abca4
-/-Mice C-reactive protein, an acute-phase reactant, is widely used as a systemic biomarker for chronic inflammation (41) . C-reactive protein is also associated with the cardiovascular risk profile and AMD (42) . We measured levels of C-reactive protein in the eyes of wild-type and abca4 -/-mice by immunocytochemistry and immunoblotting. By both analyses, C-reactive protein levels were dramatically higher in nine-month old abca4 -/-eyes (Fig. 7) . By quantitative Western blot analysis, there was about a two-fold increase of Creactive protein levels in the abca4 -/-RPE homogenates compared to age-matched wild-type ( Fig. 7B: a-b) .
Increased Bruch's Membrane Thickness in abca4
-/-Mice Beside the accumulation of lipofuscin pigment granules in the RPE, eleven-month-old albino abca4 -/-mice showed a 40% reduction in outer nuclear layer thickness compared to age-matched wild-type mouse, indicating slow photoreceptor degeneration (32) . To further characterize the morphological abnormalities in older abca4 -/-eyes, we examined Bruch's membrane by electron microscopy. Bruch's membrane, which contains the basement membrane for RPE cells, was approximately two-fold thicker in one-year-old abca4 -/-versus wild-type mice (Fig. 8B) . This increase was largely due to the presence of basal laminar deposits. We also observed distortion of RPE basal infoldings in abca4 -/-mice (Fig. 8A) .
Increased expression of complement-regulatory and oxidative-stress proteins in Fetal Human RPE Cells Treated with abca4 -/-
Outer Segments
The down-regulation of CRP mRNA levels in the abca4 -/-mouse prompted us to test the response of normal RPE cells treated with ROS from BALB/c or abca4 -/-mice. The A500nm A2E-precursor was abundantly present in abca4 -/-ROS but was undetectable in ROS from wild-type mice (data not shown). We incubated cultured fetal human RPE (hRPE) cells with wild-type or abca4 -/-ROS for two hours. After harvesting the cells, we extracted RNA and analyzed for expression of oxidative genes by qRT-PCR. SOD1, GSTT, HO1, and CAT1 were all up-regulated in the RPE cells following incubation with abca4 -/-but not wild-type ROS (Fig. 9A) . We also observed increased expression of the CRP mRNA's, CD46, CD55, CD59, and CFH in these normal RPE cells following exposure to abca4 -/-but not wild-type (Fig. 9B) .
These data suggest that the abca4 -/-ROS containing A500nm A2E-precursor leads to acute oxidative stress in normal RPE cells. This stress leads to the adaptive up-regulation of oxidative-stress and CRP gene expression.
DISCUSSION
AMD and recessive Stargardt disease have some similar clinical features. However, the causes of these diseases were thought to be unrelated. The etiology of AMD is complex, with a strong inflammatory component due to genetic dysregulation of the complement system. Lightinduced oxidative stress is also thought to play a role in AMD. On the other hand, Stargardt is caused by the loss of a transporter for N-ret-PE in rod and cone outer-segment discs, with accumulation of retinaldehyde-condensationproducts, such as A2E, in the RPE. In the current work we showed complement activation and reduced expression of CRP's in the RPE of abca4 -/-mice. The RPE of these mice also exhibit biochemical evidence for light-induced oxidative stress and chronic inflammation. These observations suggest a common pathway in the etiologies of AMD and Stargardt.
Since retinal degeneration occurs slowly in albino abca4 -/-mice (32), we analyzed mice at different ages to establish a correlation between lightexposure, A2E-formation, oxidative stress and complement system activation. First, we showed that A2E and its major precursor (A500nm) are present in one-month-old abca4 -/-mouse eyecups (Fig. 1) . Accumulation of both vitamin A-based fluorophores is age-dependent (Fig. 1) and influenced by light intensity (31) . In vitro preliminary studies have shown that the A500nm compound is highly unstable, undergoing chemical rearrangements leading to release of hydrogen peroxide (data not shown). Moreover, A500nm is oxidized and hydrolyzed in the RPE to yield A2E (43) . All of these reactions could increase oxidative stress in abca4 -/-RPE. Consistently, we observed increased expression of multiple oxidative-stress genes in four-week-old abca4 -/-eyecups (Fig. 2) . Previously, we showed that oxidation products of A2E (A2E-oxiranes) are increased in both pigmented and albino abca4 -/-mice exposed to bright cyclic light, with higher levels in the albinos (31) . We also analyzed two oxidative stress markers in eyecup homogenates from abca4 -/-and wild-type mice. MDA and HNE, both natural byproducts of lipid peroxidation, were significantly higher in albino abca4 -/-compared to albino wild-type and pigmented abca4 -/-mice ( Fig. 3 and data not shown) . Differences between the albino and the pigmented abca4 -/-mice provide evidence for the role of melanin pigments in scavenging the reactive oxygen species that form under oxidative conditions (44) . These data support the notion that oxidative stress is a cause of retinal degeneration in albino abca4 -/-mice.
Hollyfield et al. reported that inflammatory changes induced by oxidative damage cause AMD-like lesions in wild-type mice (45) . An important function of the RPE is phagocytosis and digestion of distal rod and cone outer segments (OS) (46). These membranes contain high concentrations of polyunsaturated fatty acids (47) . In AMD, peroxidation of OS lipids induces damage, leading to death of RPE cells and accumulation of extracellular materials in the form of drusen and increased thickness of Bruch's membrane (48, 49) . Here, we show that one-yearold abca4 -/-mice exhibit a two-fold increase in Bruch's membrane thickness (Fig. 8) , suggesting a similar inflammatory process.
Activation of complement (C3) by A2E-oxidation products was previously shown in cultured RPE cells following light exposure (34, 35) . Here, we analyzed the in vivo effect of lipofuscin bisretinoids and their oxidation products on the complement system. Activation of complement was evidenced by accumulation of C3/C3b and its break-down fragments (iC3b and C3a) in abca4 -/-RPE cells (Fig. 4) . We also observed increased deposition of C3b-immunogold particles on the abca4 -/-RPE basal infoldings (Fig. 4B) . Throughout the body, complement fragments are typically eliminated by macrophage activity. Ingestion of complement fragments by the RPE is consistent with their role as macrophages in the retina (46). These observations suggest ongoing complement activation in abca4 -/-RPE. Unexpectedly, we observed significantly lower levels of CRP mRNA's in abca4 -/-RPE cells (Fig.  5) . One interpretation is that the lipofuscin pigments directly activate the complement system in abca4 -/-RPE, and that the reduced expression of CRP's is an adverse effect of inflammatory damage. Alternatively, lipofuscin accumulation and oxidative stress in abca4 -/-RPE may impair expression of CRP's, leading to complement activation and further inflammatory damage. Reduced CFH expression may also affect its interaction with C-reactive protein (50) leading to chronic complement activation. C-reactive protein, an inflammatory biomarker associated with AMD, was significantly elevated in albino abca4 -/-eyes by immunoblotting and immunocytochemistry (Fig. 7) . In addition, MCP-1 mRNA and protein levels were significantly down-regulated in young abca4 -/-eyes ( Fig. 6) , indicating further impairment of the abca4 -/-ocular immune response.
The paradoxically reduced expression of CRP's in abca4 -/-RPE probably results from oxidative and inflammatory stress triggered by accumulation of small amounts of vitamin A fluorophores. To explore the response of a healthy RPE to acute stress, we challenged primary cultured human RPE cells (37) to a single exposure of OSs from wild-type and abca4 -/-mice. Within two hours, we observed dramatically increased expression of mRNA's for both oxidative stress and complement regulatory proteins in cells exposed to abca4 -/-but not wild-type OS (Fig. 9) . The major difference between these OS preparations is the presence of the A2E-precursor, A500nm, in abca4 -/-OS (43). These results suggest that A500nm is a potent oxidative stressor and activator of complement. 
